The fabrication of electroplated planar copper microcoils for telemetric orthodontic applications is presented. A set of microcoils with overall dimensions of 2 × 2.5 × 0.5 mm 3 , track widths down to 5 μm and turn numbers up to 35 were fabricated on glass substrates. The coils were electrically characterized and assembled via flip-chip bonding onto a stress-mapping CMOS chip for smart orthodontic brackets. The passive system was successfully read out telemetrically with a reader microcoil for a coil-coil distance of 1 mm at 13.56 MHz. The digital signal representing the measured stress values was extracted telemetrically using a commercially available RFID reader.
Introduction
In orthodontics, the forces and moments applied to the teeth are of utmost importance for the duration and effectiveness of the therapy. Excessive loads lead to irreparable root damage, while subcritical forces unnecessarily extend therapy duration. For in situ force and moment measurements, a stress-mapping CMOS chip has been proposed [1] . It includes several piezoresistive stress sensors and an RF interface. It is designed to be implanted between bracket base and slot as illustrated in Figure 1 . The telemetric link can be realized inductively with a hybridly integrated planar microcoil. Microfabrication of planar microcoils using electroplated Cu has been heavily discussed in the past [3, 4] . Fabrication approaches based on a uniform seed layer for coil electroplating have revealed a number of problems during wet seed layer removal after electroplating: Structural delamination and seed layer residues between adjacent coil lines, among others. These issues become particularly critical at line and space dimensions below 10 μm and aspect ratios larger than 2. Structured seed layers as proposed in [3] potentially solve this problem, but most likely result in inhomogeneous plating of high-density structures due to inhomogeneous plating potential. Seed layer removal by ion-beam etching as proposed in [4] is usually avoided in the case of Cu substrates, due to the increased risk of cross-contamination during semiconductor manufacturing. This work presents an approach in which these challenges are addressed using an additional process step. The accordingly processed coils were electrically characterized and assembled onto a stress-mapping CMOS chip via flip-chip bonding. Finally, the telemetric link was tested and the digital sensor information was extracted telemetrically.
Microcoil Fabrication
The process sequence for microcoil fabrication on silicate-glass substrates is illustrated in Figure 2a . It starts by sputtering a seed layer metallization {50 nm titanium (Ti), 100 nm gold (Au)} onto 300 to 500-μm-thick glass substrates. This is followed by a first photolithography step applying a thin-film resist as a masking layer for the subsequent dry etching. The Au layer is then structured by ion beam etching while the Ti layer is left intact. The result is a half-structured metal layer, where Ti serves as a conductive path and Au as a seed layer for electroplating. Au was found to show reliable plating adhesion to the electroplated Cu structures whereas Ti is preferred due to its capability of being wet-etched selectively against Cu. After the second photolithography step using the 30-μm-thick resist AZ40XT, Cu is electroplated up to a height of about 22 μm. In addition, a 2-3 μm thick layer of Au is electroplated to improve bonding adhesion to the coil top surface. The resist is stripped and the exposed Ti is etched selectively using a 1% hydrofluoric acid solution in combination with the non-ionic surfactant Triton X-100 agitated in a megasonic bath. This results in free-standing copper microcoils as illustrated in Figure 2b . Encapsulation is performed by spin coating a 50-μm-thick SU-8 resist followed by a photolithographic opening of the contact pads. After encapsulation, the diced microcoils can be contacted via wire or flip-chip bonding. 
Electrical Characterization
For electrical characterization, the microcoils were connected to a glass rewiring chip by flip-chip bonding. Furthermore, the measurement setup comprises a ZIF connector for the insertion of different microcoils and the network analyzer Agilent 4395A (Keysight Technologies, 71034 Böblingen, Germany). After calibration, the impedance curves were measured and the inductance, (parasitic) capacitance and DC resistance were extracted applying a simple RLC model. The impedance curves were measured for a set of four different microcoils with 22-35 windings, track widths of 5-15 μm and track spaces of 15-25 μm. The measured curves are illustrated in Figure 3b ). The extracted inductance values were then compared to numerical simulation results obtained with the freeware tool Fastfieldsolvers (FastFieldSolvers S.R.L, 20871 Vimercate (MB), Italy) [5] . The results are illustrated in Table 1 . In summary, the microcoils show inductance values of 1.4-2 μH, parasitic capacitances of about 2 pF, DC resistances of 7-30 Ω and self-resonance frequencies of 80-120 MHz. The coil with the highest inductance of about 2 μH was identified to be the most promising candidate for the system assembly with the stress-mapping CMOS chip in view of its resonant operation at 13.56 MHz. 
System Assembly and Telemetric Link
The assembly of the microcoil with the stress-mapping CMOS chip is illustrated in Figure 4 . The interconnection was performed by flip-chip bonding. By connecting the indicated test pads using wire-bonding the input impedance of the assembly was measured. The measured impedance curve is illustrated in Figure 4d . The system resonates near the target frequency of 13.56 MHz. The test pads also provide the opportunity to test the functionality of the stress-mapping CMOS chip.
A second microcoil serving as the reader antenna was attached adhesively to the assembly. This reader coil was then connected to the RFID Reader ST25R3911B-DISCO (STMicroelectronics, Geneva, Switzerland) which was controlled via a graphical user interface. The reader is equipped with an automatic tuning feature which tunes the antenna to resonate at 13.56 MHz. The RFID reader can be set to the so-called transparent mode, which allows to read out the raw digital signals. The data packages containing the digital sensor information were extracted at the pins of the RFID reader. The measured digital signal is illustrated in Figure 5 . 
Conclusions
In this paper, we presented a fabrication and assembly approach for planar copper microcoils together with a telemetric microsystem assembly consisting of a stress-mapping CMOS chip and a microcoil. It was shown that the coil design meets the requirements of the assembly to resonate near 13.56 MHz. The digital sensor data were extracted telemetrically using a second microcoil acting as a reader antenna. The assembly of the telemetric device in Figure 4 represents a dramatically miniaturized passive RFID tag with dimensions of only 2 × 2.5 × 0.8 mm 3 with an integrated stress sensor system. It paves the way to the telemetric extraction of stress sensor data in highly compact application scenarios such as orthodontics.
